We present new Keck I/HIRES observations at R \ 45,000 (\3 pixels) of seven stars near the turno † of the old, metal-poor globular cluster M92. In three of these stars, we have signal-to-noise ratios (S/Ns) of 40 pixel~1, and in the other four, the S/N is near 20. The Li abundance in star 18 is high compared with the halo Ðeld-star plateau and is similar to that in the remarkable Li-rich halo Ðeld star BD ]23¡3912. In addition to the high Li abundance in star 18, there is a dispersion in Li abundance in our seven stars covering the full range of a factor of 3.
INTRODUCTION
Lithium (Li) is an element of great importance in the study of stellar interiors, stellar evolution, Galactic chemical evolution, and cosmology. Knowledge of the primordial Li abundance (hereafter can test models of big bang Li p ) nucleosynthesis (BBN) and thereby constrain cosmological parameters such as the universal baryonic density, and ) b , the number of neutrino families. The standard model of BBN has enjoyed the remarkable success of predicting abundances for the light isotopes (2H, 3He, 4He, and 7Li) that, in a general sort of way, are close to the observed or inferred primordial abundances, giving values for each isotope of nearly the same universal baryon density & Steigman et al. (Boesgaard 1985 ; Deliyannis 1989 ; However, detailed testing of standard Walker 1991). BBN and the resulting implications for cosmology still await a conÐdent and precise determination of the primordial abundances of the light elements. K exhibit a nearly 6300 º T eff º 5600 uniform plateau of Li abundances near A(Li) \ 12 ] log N(Li)/N(H) \ 2.1, and that cooler halo dwarfs and subgiants have depleted their Li relative to this plateau. It is often conjectured that the plateau represents the unaltered however, stellar and/or Galactic processing may mean Li p ; that the average Li abundance observed today in halo stars is not the primordial value et al. (Ryan 1996) . Li is destroyed easily by (p, a)-reactions at only a few million degrees, so that already when stars arrive on the zero-age main sequence, Li survives in only the outermost few percent (by mass) of the stellar interior. Standard models (that ignore di †usion, rotational mixing, mass loss, and magnetic Ðelds) reproduce the general features of the observations with little 7Li depletion in the plateau Demarque, & Kawaler Until recently, (Deliyannis, 1990) . the derived ("" low ÏÏ) values provided constraints on Li p ) b that were similar to those derived from estimates of the primordial abundances of the other light elements ; this is somewhat suggestive of the existence of nonbaryonic dark matter in galactic halos and larger scales, although it is far from deÐnitive. Alternatively, a high could perhaps be pointing to the Li p necessity for including inhomogeneities or other additional physics in BBN, which could well have di †erent implications for dark matter. Regardless, it is clearly important to ascertain an accurate value. This requires realistic stellar Li p models and, in particular, knowledge of interior transport processes that might a †ect halo star photospheric Li abundances.
The Yale rotational models can potentially be tested through their prediction that a small Li dispersion should result at a given as a consequence of, for example, di †er-T eff ences in the initial angular momentum. In their scrutiny of the halo star Li data in the colorÈequivalent width plane, Pinsonneault, & Duncan found some eviDeliyannis, Another excellent diagnostic, which is the°4.3. focus of this study, involves reducing or even eliminating the dispersion in the halo age-metallicity relation. This can be achieved by observing relatively unevolved stars near the main-sequence turno † in globular clusters, which have the same or similar mass, luminosity, age, temperature, and (presumably) initial composition. A Li dispersion found for relatively unevolved stars of the same within a given T eff globular cluster, as opposed to in a Ðeld-star sample, would more likely the result of di †ering degrees of stellar depletion from a higher initial Li abundance, since di †erential Li enrichment within the cluster would be less likely. Comparison of Li in di †erent globular clusters could allow investigation of the e †ects of parameters such as age and metallicity. It is now possible to obtain high-resolution (R D 50, 000) spectra of 18th magnitude near-turno † stars in globular clusters using the Keck I 10 m telescope and the efficient HIRES echelle spectrograph.
The ideal cluster for such an investigation is M92 because it is one of the closest with near-zero reddening, as well as one of the oldest and most metal poor known and argued against cosmic-ray, subgiants4 supernova, and asymptotic giant branch (AGB) star Li production as the source of these di †erences. This suggested that di †ering Li depletion histories were the cause of the Li dispersion, consistent with the predictions of the rotational stellar models that imply a large value of Li p . We have obtained three additional nights of Keck/ HIRES observations of M92 subgiants in 1995 July. The purpose of these was to increase our signal-to-noise ratio (S/N) on the three stars observed before and to obtain data for additional stars in order to increase our sample size. Here we report the additional data and combine it with our earlier observations. Our updated and new Li abundances are given in and the results are discussed in°3,°4. High-resolution (R D 45,000) echelle spectrographic observations were made of six stars in M92 near V \ 18 at the Keck I telescope on 1995 July 4, 5, and 6 (UT). The HIRES spectrograph is described by et al. The Vogt (1994). spectrograph setup was similar to the "" blue ÏÏ conÐguration described in
The wavelength coverage (with some DBK95. interorder gaps) was 4430È6865
lists the stars Ó. Table 1 observed, the sum of the exposure times on each star on each night, the total exposure time for all the nights on a given star, and the empirical S/N per pixel of the co-added spectra in the Li region. This table includes the information for the night of 1994 July 30 also. On each night, there were exposures of a Th-Ar comparison lamp, 20 quartz Ñat-Ðeld frames, and at least 20 bias frames. During the run, exposures were taken of the asteroid Ceres and of the Moon to obtain a solar spectrum with the same instrument and conÐguration. A spectrum was also obtained of HD 140283 to compare with the M92 stars.
Reduction of the HIRES data involved the use of both general IRAF tasks as well as IRAF packages speciÐcally designed to process echelle spectra. Preparing the raw, twodimensional spectra for aperture extraction required (1) the removal of the overscan region, (2) bias or "" zero ÏÏ frame subtraction, and (3) division by a Ñat Ðeld. Multiple quartz lamp and zero-second exposures obtained each night were processed and combined to produce a nightly Ñat Ðeld and bias frame, respectively, which were applied to the science images. A single pass by the IRAF COSMICRAYS task successfully excised severe cosmic-ray strikes from the images without a †ecting the spectra. Contamination of the stellar signal by background light appeared to be insigniÐ-cant. The two-dimensional scattered light plateau was modeled using the APSCATTER routine, and the Ðt revealed that ¹1% of the stellar signal was due to background contamination. Therefore, this plateau was not removed from the data. Intraorder contamination, or signal dilution by overlapping echelle orders, also proved to be inconsequential for the 100 pixels separation between neighboring orders that greatly exceeded the projected length (D30 pixels) of the 7A slit. Following the above preprocessing steps, the twoÈdimensional spectra were aperture-extracted and placed on a linear wavelength scale.
The nightly Th-Ar calibration frames contained hundreds of reference features from which a dispersion solu- Li order, aperture 28, set to a scale of Ó 0.0465 pixel~1. A typical calibration line near Li spanned Ó approximately 3.25 pixels (FWHM), so the operating resolution for the observing run was roughly 45,000. Multiple exposures of a single star acquired on one or more nights were co-added. We determined radial velocities from a sample of fairly strong lines for the 1995 spectra and from the Li I line for the 1994 spectra. The measured velocities agreed very well from the 2 years for stars 21 and 46 (to within 4 km s~1), but they di †ered by 14 km s~1 for star 18. The resolution of the spectra is 6.8 km s~1. The possibility exists that star 18 has a variable radial velocity and is perhaps an SB1.
The Li region of the three stars that have S/Ns near 40 are shown in These are the sum of the spectra Figure 2 . obtained in 1994 and 1995. It is clear from this Ðgure that the Li line in star 18 is stronger than those in the other two stars, by a factor of about 2 (see below).
shows the Figure 3 Li region in the three newly observed stars where the S/Ns are about 20.
ANALYSIS AND ABUNDANCES

Li Equivalent W idths
The equivalent widths of the Li I doublet were measured using the Gaussian Ðts in the IRAF SPLOT package. For the spectra with S/Ns of 40, we did a boxcar smoothing of three. For the others, a boxcar smoothing of Ðve was used. These measures were made independently by two of us ; our results were in agreement to better than 1.6 Poisson mÓ. (photon noise) and continuum 1 p errors were determined using the approximations from and Cayrel (1988) highest S/Ns, we Ðnd that Li is stronger in star 18 than in star 21 by a factor of 2.4, and in star 46 by a factor of 2.1. These di †erences would appear to be statistically signiÐ-cant. First, in terms of just photon noise, star 18 is 8.8 p 
Equivalent W idths and Error Estimates
In addition to the Li line measurements, we present measurements of lines of other elements that might conceivably be correlated with Li production in evolved stars ; we need to investigate alternative sources of di †erential Li enhancement in the M92 subgiant 18 (see The measured°4.3). widths explore the possibility that M92 :18Ïs Li excess results from either the neutrino process operating in Type II supernovae or contamination by the ejecta of AGB stars. Several neutral and/or singly ionized lines of Ca, Cr, Fe, Mg, and Ti are available in the low orders of the HIRES data and serve as tests of explosive nucleosynthesis in Type II supernovae. Samples of these spectra are shown in Figure The equivalent widths of these features are listed in 4. Tables and as are a handful of singly ionized barium 3 4, lines. Excessively strong Ba II lines can be the result of photospheric pollution by material jettisoned into the intercluster medium by AGB stars or by mass transfer.
It was found that IRAFÏs SPLOT routine using Gaussian Ðts became increasingly fallible and uncertain as the line strength diminished ; therefore, an alternate means of estimating the equivalent width of a poorly deÐned or noisy feature was required. We calculated the Ñux in weak lines using SPLOTÏs "" e ÏÏ feature, which performs a simple pixel summation after subtraction of a user-deÐned continuum. Unmeasurable or otherwise unrecognizable lines buried within the noise were assigned upper limits. These maximal widths represent the width a 3 p detection would have, given the noise of the spectral order in which the feature resides. For detected lines, a Poisson 1 p error (using a 4 pixels measured FWHM, i.e., smaller than that for the Li doublet) and a 1 p continuum error, calculated as above, were added in quadrature and are listed in Tables and  3  4 . Table 2 T eff C83 and scales, and 1 p errors are listed in For the K93 Table 2 . The LTE and NLTE abundances are also presented in for both temperature scales. The 1 p errors are Table 2 determined from adding in quadrature the abundance errors due to the temperature errors and due to the equivalent width errors.
T emperatures
DISCUSSION
High Li in Star 18
Armed with twice the S/N that we had in for DBK95 each of the M92 stars 18, 21, and 46, we conÐrm at a higher conÐdence level that star 18 is Li-rich compared with stars 21 and 46, by approximately a factor of 2È3.
shows Figure 5 the Li equivalent widths plotted against temperature (on the scale) for our M92 stars and for halo Ðeld C83 T eff dwarfs and subgiants. This shows that the Li abundance in star 18 could be as high as that of the extraordinary Li-rich Ðeld halo star BD ]23¡3912
Since star 18 evolved (°4.3). from the turno † relatively recently, it can be compared with Ðeld stars at the turno † (the small crosses with approx-T eff imately in the range 6200È6400 K in These Ðeld Fig. 5 ). stars appear to show a range in Li abundances. If this range is real, it could be due to either (1) Galactic Li enrichment or (2) di †erential Li depletion from a higher initial Li abundance, as predicted by the Yale rotational models. (Of course, both e †ects might have acted.) In the case of Li enrichment (1), star 18 can be compared with the turno † Ðeld stars with the lowest Li abundances ; in this case, star 18 contains approximately 0.6È0.7 dex more Li than those stars, and this extra Li (indeed, the majority of the Li in star 18) must be explained in terms of Li production mechanisms. We will argue in that evidence of such enrich-°4.3 ment is lacking. In the case of Li depletion (2) from a higher shows the Li abundances plotted against tem- Figure 6 perature (on the scale) for the seven M92 stars. Star K93 T eff 18 at 5950 K has a signiÐcantly higher Li abundance than stars 21 and 46 at the same temperature. The dispersion in Li abundances in these otherwise identical stars is apparent.
Li Dispersion
As a further test of the reality of the Li dispersion between star 18 and stars 21 and 46, we have measured numerous lines of several species.
shows a comparison Figure 7a between star 18 and star 46 of equivalent widths for Ba II, Ca I, Cr I, Fe I, Fe II, Mg I, and Ti II. There is good agreement between the two stars for all of those elements. This supports the supposition that these stars are identical (except for Li) as selected, previously based on their colors and position in the H-R diagram, and that the Li abundances di †er.
shows a comparison between star Figure 7b 18 and star 21. The equivalent widths in star 21 might be slightly stronger, consistent with the possibility that star 21 is up to 100 K cooler than star 18. (A comparison of only low-excitation, temperature-sensitive lines leads to a similar conclusion.) This is within the photometric errors. The possibility that star 21 is slightly cooler accentuates the stronger Li line in star 18 and would result in an even larger Li abundance di †erence between the two stars.
Taken at face value, the Li abundances in the slightly hotter star 60 and the slightly cooler star 34 appear to be intermediate to those of star 18 and stars 21, 46, and 350. The approximately normal Li abundance in star 34 also supports our conjecture that stars 18, 21, 46, and 350 are not cool enough to have started subgiant Li dilution.
Li Production ?
In this section, we argue against the possibility that di †er-ential Li production within the cluster is responsible for the extra Li observed in star 18. There are at least three plausible Li production mechanisms : (1) Models of core-collapse supernovae can produce enough 7Li via the neutrino process so as to account for AÈM of the Woosley  (1995,  hereafter hydrodynamic massive supernovae calcu-WW95) lations. Employing their calculated ejected masses from their Z \ 0.01, 10~4, 0.0 grids, we estimated abundance Z _ changes from the process of adding enriched supernova (SN) material from a given model that yielded a 0.4 dex increase in the Li abundance from log N(Li) \ 2.1 for an assumed 0.8 star with X \ 0.75. We consider the ele-M _ ments Mg, Ca, and Fe because massive supernovae produce nontrivial amounts of these elements and because these elementsÏ features appear in our spectra. The resulting increases in the abundances of Mg, Ca, and Fe produced by the same models were calculated from the relative ejected masses assuming solar abundances from & GreAnders vesse and the M92 abundances derived from our (1989) spectra as presented in et al. We note from the King (1997). outset that (i) the Ca line strengths of stars 18, 21, and 46 are in very good agreement that is well within the errors, and (ii) on average, the Fe line strengths seem, if anything, smaller in star 18 than in star 21, and in agreement for stars 18 and 46. Thus, we can recognize a priori that there is absolutely no observable evidence from the Fe and Ca features in our spectra for SN enrichment in star 18 relative to 21 and 46.
The same also appears true from our measured Ti, Cr, and Ba features. We Ðnd that the vast majority of the models WW95 explaining the excess in Li in star 18 due to SN production would lead to Mg abundance enhancements in star 18 that are greater than a factor of 10 (and often orders of magnitude larger). The line strengths in and the plots of Table 3 , these in Figures and show that this is clearly not 7a 7b, observed. Two of the Z \ 0 models, Z18A and WW95Ïs Z20A, are more interesting. These D18 and D20 M _ models allow the excess Li in star 18 to be produced by the neutrino process while only predicting a factor of D2 enhancement in this starÏs Mg abundance and completely negligible enhancements of other elements (Ca, Ti, Cr, Fe) present in our spectra. Inspection of and Figures  Table 3  7a  and indicates some possibility that star 18 exhibits 7b stronger Mg lines than star 21 or star 46. However, any possible line-strength di †erence is not satisfyingly clear. Two of the Mg I linesÏ equivalent widths are identical to within the errors for stars 18 and 46, while one of the Mg I lineÏs strength is statistically indistinguishable for star 18 versus star 21. Given that half of the possible comparisons show no statistical di †erence, and given the quality of the extant data, independent higher S/N spectra seem necessary to reach secure conclusions. In the meantime, while we have difficulty believing a statistical claim of a factor of 2 di †er-ence in our starsÏ Mg abundance, it is difficult to exclude this in the deÐnitive manner required.
We also Ðnd that some of the higher mass Z \ 10~4 and 0.0 models (U35A, U40A, Z25A, Z30A, Z35A, Z _ WW95 and Z40A) can synthesize Li without any measurable e †ect on the other abundances our spectra can address. Three important notes concerning these models are in order. First, in the case of the latter two models, the Li yields indicate that multiple SNs having these model characteristics would be required to produce the anomalous Li in (only) our one star ; this might seem to be a somewhat remarkable circumstance. Second, models of the same mass and metallicity but incorporating other assumptions analogous "" B ÏÏ (WW95Ïs and "" C ÏÏ models) produce relatively copious amounts of Mg that, despite the current uncertainties in the observations, are clearly excluded ; thus, the degree to which these models correspond to real stars is an important issue. Third, there is a question of whether metal-poor stars of these masses undergo SN explosions and release their products into the surrounding environs. Until some of these issues can be addressed, we can only say that it remains conceivable that l-process production might occur without any observational signatures in the elements we can survey in our spectra. Thus, observationally excluding the action of the l-process may be quite difficult.
In sum, while there is no clear direct evidence of the l-process having altered the abundances in star 18, our Mg I line strengths might conceivably be consistent with a small star-to-star di †erence that could be accommodated by existing massive SN models that also produce Li. However, we do not regard this observational evidence as very convincing. Independent observations of higher quality would be of great interest because of the astrophysical signiÐcance of testing the l-process. Possibly a more important issue is that if some of the extant SN models investigated here are in fact representative of real stars, then detectable observational signatures of the l-process on other species present in our spectra may not exist. One possible attack on such a frustrating obstacle would be observations of a variety of elements in numerous near-turno † stars of other globular clusters. Until such e †orts are completed, the e †ect of lprocess enrichment on globular cluster Li abundances remains an open issue despite the absence of convincing evidence consistent with its operation.
Energetic alpha particles interacting with alpha particles in the ISM can in principle create signiÐcant quantities of Li, even exceeding the abundance level of the Spite plateau.
suggested that this mechanism could create a Li disper-T94 sion in the Ðeld halo dwarfs. However, this mechanism operates on a timescale of gigayears and thus would require a signiÐcant age spread among the Ðeld halo stars. While an age spread of a few to several gigayears is possible for Ðeld stars, the presumed coevality of our M92 stars argues against this mechanism as the source of the excess Li in star 18. Conceivably, it might be of interest to investigate whether there are relevant circumstances under which cosmic rays can produce Li on a very short timescale.
In contrast to the above mechanisms, it has been known for quite some time that a small fraction of AGB stars produce signiÐcant amounts of Li (Smith & Lambert 1989, All known metal-poor examples and nearly all Popu-1990) . lation I examples are also overabundant in s-process elements. In fact, the metal-poor stars are markedly overabundant (for extended discussion of the data and their relevance to halo stars, see However, not only is KDB96). star 18 not overabundant in Ba, the Ba line strengths in star 18 are indistinguishable from those of star 21 (and 46) . This argues against a Li production mechanism carrying an s-process signature as the source of the excess Li in star 18.
As in we have argued against all three Li pro-DBK95, duction mechanisms as the source of the extra Li in star 18. The higher S/N achieved in this study and the measurements of numerous lines have enabled us to carry these arguments further and to strengthen them in the present study. While we still cannot absolutely rule out the possibility of prestellar Li variations or of Li contamination from the sources discussed here or even more exotic sources, a more likely explanation for the high Li in star 18 is di †eren-tial stellar Li depletion from an even higher initial abundance. Such di †erential Li depletion is a natural consequence of the Yale models. All elemental abun-(KDB96). dances observed either by us or by others were found to be normal in this star, except Li. These include C, O, Na, Al, Y, Zr, and Ba, and the upper limits for La, Nd, and Sm are consistent with normal abundances. The normality of the s-process abundances argues against Li production carrying an s-process signature (such as that carried by all known Li-rich metal-poor AGB stars). The low ratio of 6Li/7Li of less than 0.15 argues against cosmic-ray Li production. Finally, since BD ]23¡3912 is a Ðeld star, we could not employ the same test of supernova Li production as we employed here, namely, to compare it with other cluster members. Instead, future studies can potentially search for direct signatures of the neutrino process in BD ]23¡3912, such as 11B or F.
Microscopic Di †usion
As discussed by et al. dredge-up of Deliyannis (1990), di †used Li in cluster subgiants can provide a test of microscopic di †usion. While it might be tempting to conclude that star 18 shows just such evidence favoring di †usion, di †usion acting alone should not produce a Li dispersion, as observed when comparing star 18 with stars 21 and 46. Such a dispersion is more consistent with the predictions of models with di †ering degrees of Li depletion from a higher initial Li abundance, such as the Yale rotational models (for additional discussion and for the relevance of BD ]23¡3912 to di †usion, see KDB96).
SUMMARY AND CONCLUSIONS
We have presented observations of seven stars near the turno † of the old, metal-poor globular cluster M92, taken with the Keck I HIRES spectrograph at R \ 45,000 (\3 pixels). We have found that star 18 has a Li abundance that is a factor of 2È3 larger than that in stars 21 and 46. We have also found evidence for a dispersion in the Li abundances of three otherwise identical stars, and they were intended to check this Ðnding at higher S/N, to add three more stars to the sample, and to investigate possible Li production mechanisms in more detail.
The high Li abundance in star 18 could be due to either less than average Li depletion from an even higher initial abundance, as predicted by the Yale rotational models, or the extraordinary inÑuence of Li production mechanisms in the material that formed this star (or both). If there has been no Li depletion, then star 18 must be compared with Ðeld turno † stars having the lowest Li abundances ; star 18 is 0.6È0.7 dex more Li rich than such stars. In this case, all that extra Li (as well as the higher Li abundances in other Ðeld halo stars) must be ascribed to Li production. If, on the other hand, there has been (possibly signiÐcant) Li depletion from a higher initial Li abundance, then star 18 can be compared with turno † stars with the highest Li abundances. The Li abundance in star 18 is comparable to that in the extraordinary Li-rich Ðeld halo star BD ]23¡3912, and only 0.1È0.2 dex larger than other Ðeld halo stars with the apparently next highest Li abundances. These stars could have formed with lower than average initial angular momenta. It is potentially possible to distinguish between Li depletion and Li production by searching for Li production signatures. Their absence would favor Li depletion.
The possibility of a signiÐcant age spread among Ðeld halo stars leads to ambiguities about the possible e †ects of Li production
We have chosen to investi-(DBK95 ; T94). gate a uniform-age, presumably uniform initial composition sample of stars to minimize these ambiguities. The uniform age of our M92 stars argues against cosmic-ray production mechanisms requiring age di †erences of gigayears as the source of the extra Li in star 18. The similarity of Ca, Cr, Fe, Ti, and Ba between stars 18, 21, and 46 argues against supernova Li production. We have examined the possibility of l-process production of Li but Ðnd no observationally convincing concomitant evidence in the line strengths of Mg, Cr, and Fe. Finally, the normal Ba in star 18 argues against a Li production mechanism carrying an s-process signature, such as is observed in metal-poor Li-rich AGB stars. Thus, we have found no convincing evidence that favors Li production as the source of the extra Li in star 18. Although it is possible, in principle, to imagine other (possibly unlikely) Li production scenarios, a more attractive explanation for star 18 at present is less than average Li depletion from a still higher primordial abundance.
We have discussed the similarity in the Li abundances of star 18 and BD ]23¡3912 which provides com-(KDB96), plementary information as a Ðeld-star analog. As in star 18, no evidence has yet been found that Li production is responsible for the extra Li in BD ]23¡3912, and in fact the absence of their signatures speciÐcally argues against cosmic-ray Li production and AGB Li production (carrying an observable s-process signature).
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